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"tial at the phase boundary of thu cell. They are to be so].vcd
when solutions to the wave mechanical problem.s describ'd below
will have been obtained. As the protein sites are interconnected
cooperative mechanisms are involved which zre due to induc(Livo
interactions. The basis of these interactions is wave rnLchanical
A method is used to determine the changes in the charge densities
of the localized electrons as well]. as the conformational changes
in proteins.,
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Ob jct i ye

The purpose of this research is to study pliysiolog ica' excitat ion on thie

1
basis of the Assoc iation-Induct ion Hypothesis. One ai- o- -nis investi-

gation is to derive theoretically the width of the electri. ! potential atIthe boundary of the inside and outside phases of a biological cell. Another

aim is the theoretical derivation of the reversal of that i.tential during

excit at ion.

Introduct ion

Physiological excitation leads from a st;nmnius, such . an applied

electrical voltage or current, to the production of an action potential, if

t he stimulus strength is above a threshold value. It has t--.n axperimen. ally

es t-blisi,-J 2 that excitability of living cells depends on tCi: presence of

3s.>diu. ions in the bathing medium. In oddit ion, it has bee: sh',;n that

the m.gnitude of the action -tent ial depends on the ext . socdiuni

concentration. The action potenttial, which h:.s opposits p.:'aritv of the

r-et 'n membrane potential, is initiated by an influx OF s.::iun, ions into

414l..,g'_al cclls, followed by an efflux of potass iv:; i.o- . 1l nce, there

.s a switch in the preference of cells from ,.t sjun .sn rest to sodium

ions in excitation. This is explained on the basis ,of .'. -,ci at ion--

Induction Itypot hes is by a change from speci. fi oadsorpt .n , - pot Issium ionS

to pr,,tein sides in resting cells to specific adsarptio , o.dium Eons to



th lj S IIL pr ot ci- s it I, ; ii ox, i t a t i o . I t hzis brn_;i :,i t hiat hle ch n o

tic ('Ir ing, in t i(Incsorlbd potaF '4 tion 9, in excliinv fi r ca Ic i urn i oni du et

o cat i onic St iWiilus, gi vc t he rigiJ or der of i-izgn it of tHei st imulIus

thre shold anc rI e';p 1ain exp er irn iii al1 sub h re shold re spia ;e s Oc! r i vatI i on 6o f

t lip space praf i 1la of thL- cleatri.cal phastc bOundary -A nt ial at thf: cell

sur [ace tinde~r c,,ttai simpi if icat i on.; (see be low) ha', shi.wn that the

effect ive width if that potent ial of the same order as that of the cell

membrane det ermi ned experimentally. This had led to the interest ing quest ion

whether the functijonal membrane is an electrical phase boundary layer instead

of the structured anatomical cell inembrane.

Another fundamental aspect of the Assoc iation-Induct ion Hypothesis is

the involvement of cooperative interactions in the specific adsorpt ion of

ions and other biological subi~tances at protein sites. As is well known fr on

physics, thfe essential feature of cooperat ive phienonzana is (nearest) neighbor

interaction. On the basis of statistical mechanics a coo)pe-rat ive specific

ddsorption isotherm liar be-en derived 7,8 which agrets with many experimental

d.,t a 91. These cooperat ive interact ions have also been stutd ied st ochas-

ically ir' go.ad agreement with the above mentioned ciopa-rat ive spucific

12 13
ads orpt ion is athcbrm as well as with exper imunt al re sult s

The involvcmnun of cooperat ive phenomena in physiolog-ical excit at ion has

beon faunJ eP.,,or mt ally 14and stud ied theoret i call ,.5,1 Anot hrr

17, s se se i ibheirut ic.Il inIVest igat ion ,on the basi of coopersi! ii.spc, i

adsor pt ion, t ine t o account the chang~es in speci tic it ies if protecin

sit ocs for pot aesimn or sodjinm depend ing on thIri derarpt ion (if tho. cardi nal

PI.aorba2n: cal ciunm, adsorbud at a cardinal .iit e 1, frani suchi ait uit dueI to

o cathodc is st imuls.

Alrso, wat Ei~ctlu can be, sp(Ci FiCAl ly adII0!2'I t prot eim-sni I.: and
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19
1)ackb)ne . Thi s leads t ensemh Ies )I co,)petat iv':y int ,-ract ing wati.-

19
i.l 0c tIes w-ch from polarizt!d mul t i l.,vers . Accirdie, , to the Aasooi . -

I iuict ion li'. )thes is this pIarized t in cel -; exc ldties sodium iof _roeN

19
the intra-ccI lul ar space . Hence, the Associat io,-lriduct ion Bypothao_

leads to the concept that the inside o)f a cell has more the characteris' .cq

of a solid (jr semi-solid) state rather than those of a free solution,

20
already conclud.--d long ago

Descript ion of Methods and Re.sults

Derivation of the Spatial Profile of the Elrictrical Phase Boundar;

Potent i al

6
The above-mentioned theoret ical invest igaton of the profile of the

electrical phase boundary was based on the study of the dependence of tie

electrical potential in the outside and inside of a system consisting of tw,;

phases which correspond to the extracellular and intracellular spaces of a

biological cell. The extracellular space was assumed to contain only th-

cat-ions potassit:e and sodiufii at their physiOlogical concentrations as well as

an anion, for instance chloride, of which the conccntiation was the sa;,: as

tOe sum of the potassium and sodium concent rations. It was assumued that tc:

p.'i.se vhich c-rrespands to the inside of the biological cell containcd a

fi.:a on.an of appropriate concentration. For rea,ons of simplification, the

following assumpt ions were made: 1) the fixed ion is homngenously

dist ributed thro-.h,)ut the inside, 2) the fixed anions are not interconn-:1 . ed

as they are in prztein, 3) tht, penetrat ion of the rbile nitlioo in the oe. :ei

ph, ase is neglecte- . , 4) the boumndary was consid ered so, thin that there is '.

surface charge on it. The spatial profile of Ihr. E.lectrical potent ial i-

6
determined by the Poisson equnt ion according to which tle divergence of

the gradient :)f the electrical potential is proport i,onal I) the.

' ~I.
,. .... . .. , • . •-......
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space densi ty fo tho elect rical charge. Th is chargi- d.ns it y is det i -ned by

the excess of the posit ive charge dec.sity ovc.r tbr. nu-ga ive charge- dre-ity.

Though at the inside far from boundary the fixed r .cgat ive ion charge (.r -sity

is neiutralized by the charge densities of the posit iv! ions (potar';['. and

sodium) there are in the inside, close to the surface, vacant negat iv:

21
sides. As has been pointed out- before these vacant sties, even if :eeir

concentrat ion is too small to be determined chemically, play an esser:- al

role in the determinat ion of the profile of the_ elect rical patential. With

the appropriate boundary conditions expressing that there is no force -t

large distances from the surface and electrical neutrality at those 6;stances

it is passible to find approximate analyt ic a] solut ions of the (non--I >aar)

differential equations for the electrical potent ial 6 . From these sal-.tions

it was found that the effective width of the electrical potential can 'e of

the same order of magnitude as that of the membrane, as already mentio:lr.d

above, indicating that the functional membrane is an electrical phase

b undary layer. Recognition of the inappropriat eness of the assumpt il.-that

there is no charge at the surface in a more realist ic model, equat ion< have

been derived withouL that as!numption. Proceeding as before it is fo':cd

that the equat ion which determines the electrical patent iel is a non-linear

int.gral-difkferental equation which has to be salved with the apprapr Vc'

boundary cini it ions. The solution of this non-lInear mt egroi--ditfec.;:-t i

22
,;ua .r is, which of course a difficult problem, is being investiga .I'

It is not much more difficult to relax the dssumpti.)f of the irnperrce:."': iit y

22
of thc" n:,i l, nni.n into the inside, phas~e . As the fixed anionic s;-es in

tie inside phise are protein sit 's t heir interconnet n.; hav to be Jc.n

into account explicitly. This leads to the sudy of the chani-es in tk :

distributions of electronic chargers in side the sidechain, and bckb.,:7:- ot

prot eins. Such a study has to be made: on th, bsis of wave-mechanice.

I
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V:,i :-m'.chari ical Treotm'.nt of Clhamica Ilndict ion

Cooperat ive specific adsor!t ion plien meana are. basdJ on the riechani :-m of

chwi whcal induction23,24, whLon i he secoad aspect of the A:nsociat ion--

-Induction Hypothesis. This induction mechanism is a wav,: mechanical

penonmenon. As the basis of wave mechanics is. the Sche: d iier equation, t he.

1atter has to be solved to understand the induction nena. Very

unfortunately, the Schrodinger equation can only be exast ly ,:,lved for v:!ry

simple systems. For problems involving electrons in real atomic (and

molecular) systems only approximate solutions have been obtained.

25,26Orginially, there were basically two different methods , the V(alence)

B(ond) Method and the L(iner) C(ombination of) A(to-Mic) O(rbital) M(olecular)

O(orbital) Method which are not only different from each other but also do

not give the solution corresponding to the experimental data. There are
27

s -'veral extensions of these methods , such as the self-consistent

YlUrtree-Fock method, including configuration interaction and various degrees

28of overlap of atomic orbitals. The recently developed method of
29

M ilecular Fragments which uses also Catastrophe Theory holds great

p-.M;,sa and is being investigated fur applicet-ion in this study. Though the

separ,-tion is somewhat arbitrary, electrons in molecules have often been

Cl i~vw.d into two kinds: niobile electrons and localized E-lectrons. ThI. mobile

t F-.ctrons occur in molecules with double bonds, espacially those in

c rinluated systems, over which they spread easily. Ito'ver, for t he

nt'.uct ion phenome-na inv.lved in cooporat ive interact ion,;, the local izcd

e' , ,rons are t he moit imp.:jrant as they propagate 1 e-ctronic char{-e chauges

i'. a n lecule from ooe ato); to its ne ighbor, Th-.;e localizr.d electron charge

changcs have been studied by a theory especially develop'd ior thone

30
li Ii zed elect rons . This theory has been appl ied to the study of t he

c!cnrc: in the elect ron ic charge; of line ar polytpept idu.3 de.! to Ie deI c ,rit ion

- _ + + -. , " ... ,,, ... . - ll I .. . .
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of a calitiLm ion as a coi1;!Cquelice of an applied cat!..,c field. Even if t he

iin Ibur of ati no,.i (I is I ji. ttd to t Ii S-Ral nuI 1 1 r L'- five---for wIi ich as;

a I ready stated above, the resu I Is;of a st och a:[ i c t r CI; .nt a 'ree with t h 05'

on the basis of st at istical mechanic; (in which esse-i ially on infinit r

nuIrAIer of amino acids is assumed) - the rumber of ec aat i.)nS which has to bo

solved is large (in fact, sevent y-five in the just -:-.nt ijiad cas-e of five

amino acids). The result of these computat ions is t -.t thLe change in

electronic charge distribution due to the desorpi *an .f the cardiz.il

adsorbant calcium fromn the cardinal site does not pr)pagaLe much further tholl

a few amino acids. The same result is obtained if this method is combined

31with another method using explicit transmission factors which decrease

with disLance. This absence of sufficient far propi;-ation of electronic

charge changes indicates that another important rechainism is also involved.

As in many fundamental biological processes confor-arional changes of

14
proteins occur probably also in physiological excitati.on , These are due

to transformatioa of globularly extended pept ide cI)Cins to helically coiled

19
pc id chains . Such conformat ional changes of e;.:. ended pept idu chain.,

which are interconnected by hydrogen bonded water molecules, can als be

1r) 31
, tu.'id tle.oretically by the above-uention.ed meth.. ' together with

ollIer Wav meci.-iical methods develoted for the stU.:: o, electrons in

hi op ) se rs. The specific adsorpt ion of wat er mi., , -es at sit us in

baCkbn:s of proteins have been studied taking ivt ccoint their Iwo and

Src dimensional structures for which con.piter pri:-r;it. h3ve been written.

Vir-n the result a of the wave m c.'chanical study will r..vy, be s obtitmmd thW:y

will b.--e use d in these prodgraims to obta;'! the mull ilay. e re pa r ized waler

m,)lecules adsorbed at the protein sites sent iotnd ai.u'e.

Not only in physiological excitat ion bul alf;e i.i blood co;ugolat in,

which is a beaut iful etxapl-t of re gtlatory phem,,: _n. in hiohogy coopt:r;ait iv

pheno:-iena play a very impart anrt role. Int T(rest iiu: r,-- m11I have reunt 1y be:11

obtai ned 3 2 for this cascade mecOhawmi m.
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